Bridgman grown, single crystal Cd 0.9 Zn 0.1 Te samples of non-spectroscopy grade material were investigated with nano-scale resolution by AFM based surface potential difference, electric force microscopy and tunnelling current methods. The results, confirmed by SEM characterization, indicate the presence of large, electrically charged structural defects. The defects are thought to be extended faults, creating significant variations in the surface band bending on the polished and etched crystal surface, and conductive channels in the bulk.
Introduction
CdTe and CdZnTe semiconductors are of great interest in the field of x-and gamma-ray detectors [1] [2] [3] . CdTe has been studied in this field for almost 40 years, while the ternary compound, CdZnTe, was used mainly for substrates of infra-red detectors until the early 1990s. There are several methods used to grow these crystals, including vertical and horizontal Bridgman, high pressure Bridgman, etc, and the discussion on the optimal recipe remains open [4] [5] [6] . Over the years the crystal size have increased and the electrical properties have been significantly improved. The low mobility-lifetime product of holes is still the main problem of these semiconductors, decreasing the charge collection efficiency, and reducing the energy resolution [7, 8] . Many structural defects introduce levels in the forbidden energy gap of the semiconductors (so-called 'electrically active' defects), but the figure of merit is often limited to the dislocation density measured by etch pits, and the exact assignment of the defects remains unclear [9, 10] . Recently, several studies were published on the electrical properties of defects introduced by nano-indentation, rather than during the growth [11, 12] . One common problem of all the growth methods of CdZn x Te 1−x is nonuniformity of the 'material grade' in the ingot. Namely, post-fabrication testing and screening are required to determine which detectors are suitable for spectroscopy application and which are not.
Experiment details
In this study, indium-doped Cd 1−x Zn x Te samples with atomic zinc concentration of ∼10%, rejected for spectroscopy applications, were investigated. The material was grown at Imarad 3 by the horizontal Bridgman method [4, 13] . Samples with ∼ 111 orientation were lapped, mechanically polished with 5, 0.5 and 0.05 µm alumina successively, and chemically etched with 5% bromine methanol (BrMe) solution for 40 s. The bromine methanol solution is widely used for the etching of mechanically damaged layers and the removal of the native Te oxide of CdTe and CdZnTe samples [14, 15] . It was suggested that the Br 2 molecules are adsorbed to the crystal surface and react with the tellurium anions,
The Cd 2+ ions pass into the solution through formation of CdBr 2 . Following the etching, the samples were rinsed by methanol and subsequently by DI water. Several methods based on the atomic force microscope (AFM) platform were used to characterize the etched surface, including surface potential difference (SPD), electric force microscopy (EFM) and low current 'tunnelling' (TUNA). The instrument employed in this study was Veeco's Dimension 3100 AFM. The topography was measured in tapping mode, scanning µ In the surface potential difference mode, the tip scans each line four times. The first two passes on the line provide the topography information measured in tapping mode. During the third and fourth passes (SPD scans) the tip is lifted above the surface by a preset height (typically 100 to 50 nm). The system uses the topography information acquired in the first two scans to make the tip follow the surface at a constant distance throughout the scan. The measurements were carried out using Pt/Ir coated silicon tips with tip diameters of ∼30 nm. In a thermally stable environment the lateral thermal drift of the system during the scan is less than ∼2Å, while the tip diameter is approximately 30 nm, therefore its effect on the measurement is negligible. The tip and surface form a capacitor in this configuration, with a stored energy proportional to a second power of the potential difference. The potential difference is the integral of the electric field between the capacitor's 'plates', and thus includes the influences of the external bias as well as the work function difference. While performing the SPD scans above the surface, the tip is not vibrated by the holder's piezo, instead dc and ac voltage signals are applied to the tip (or the sample). When bias is applied between the tip and the sample the electrostatic force will be given by equation (2) ,
where V SPD is the surface potential difference, V A is the amplitude of the ac bias, ω 0 is its frequency in rad s −1 and V dc is the level of the dc bias. It can be seen that the force in the final formula contains three components in brackets: a dc component, an ac component at ω 0 frequency and an ac component at 2ω 0 frequency. The cantilever is elastic and thus will comply with the electric force by bending towards or away from the sample. The resulting vibrations are monitored by the position sensitive detector (PSD) and the vibration mode at the ω 0 frequency is monitored by a lock-in amplifier. The dc bias voltage is supplied by the feedback circuit to eliminate this vibration mode, namely setting V SPD = −V dc . Recording this feedback dc voltage at each x-y scanning point provides an SPD image.
The EFM mode is rather similar to the SPD mode in the four-scan cycle, but during the third and fourth scans the tip is lifted above the surface and vibrated by the holder's piezo. The electrostatic force between the surface and the tip affects the resonance frequency and the vibrations. In the reported experiment the frequency and amplitude of the vibration were kept constant and the changes in phase were recorded.
The TUNA (low current 'tunnelling') measurements are performed in contact mode, with a preset pressure between the tip and the sample. During the measurement the sample is biased relative to the tip, thus the topography and current signals are acquired simultaneously. Usually the TUNA mode is used to measure tunnelling currents through thin insulating films (tunnelling), but in this case it was used for local conductivity measurements.
Results and discussion
In the topography measurements it was found that the chemical etching reduces the surface roughness on small (µm) areas of the CdZnTe samples to approximately 3 nm rms. Under this condition, the cross-talk between the topography and the SPD/EFM measurements is practically negligible.
After the chemical etching, in some locations on the surface, nearly matching, scratch-like patterns were found in the SPD and topography signals. The width of these patterns in some cases reaches tens of microns while the depth is typically 1-3 nm. These patterns were not observed in the topography imaging before the etching, when the surface roughness was significantly higher. Typical measured images of topography and SPD are shown in figures 1 and 2, with z ranges of 50 nm and SPD ranges of 0.2 V. In figure 1 several patterns of various thicknesses are seen, whereas in figure 2 a particularly thick pattern is shown. In the measurement of figure 2 the SPD signal clearly extends beyond the topography lines, as shown by the associated cursors. This indicates that the band bending near the surface is different not only in the defect area, but also in the adjacent regions. The measurements are performed in a regular room environment, thus a certain number of particles on the sample's surface is inevitable. When the particle's size is considerable, the strong topography signal may cause a false SPD signal by cross-talk, as can be seen in figures 1 and 2. The SPD and the TUNA measurements are performed with two set-ups that require different tip holders; therefore performing the two characterizations on exactly the same location is quite difficult. Thus, the TUNA µ measurements shown in figure 3 were performed close to the region described in figure 1 . The topography image, acquired in contact mode, and TUNA measured results with ±6 V bias voltages are shown in figures 3(a)-(c), respectively. The TUNA images in a 4 nA range, measured with positive and negative biases exhibit somewhat different contrasts, but the scratch-like features remain. There are no 'shoulders' around the topography boundaries, as in the SPD signal, indicating that the current channels through the defect lines only. This information combined with the rather straight shape of the lines leads to the conclusion that the patterns are in fact structural defects with a very similar etching rate in the BrMe solution. Very similar patterns are measured by EFM. It should be noted that in some cases a clear SPD signal with a scratchlike shape was found, yet no topography features could be resolved. Additional characterization was performed using a high resolution scanning electron microscope (SEM) with energy dispersive spectroscopy (EDS). The image taken with the secondary electrons, shown in figure 4(a), clearly resolves features similar to the ones measured with SPD. However, the back-scattered electron image, shown in figure 4(b), does not resolve distinct patterns. The secondary electron imaging was performed with a 1 keV electron beam. The emission process of the secondary electrons is very dependent on the surface potential, particularly in such a low energy range, and it can be used for characterization of some electrical properties [16] . The back-scattering is essentially a simple elastic scattering of electrons from the surface. It was performed with 5 keV electron beam, and should not depend significantly on the surface potential. The various areas inside and outside the patterns were probed by EDS for material composition analysis. No systematic differences were found in indium and zinc concentrations in the defect lines compared to the bulk. Thus, the results obtained with the SEM can be considered consistent with the extended faults interpretation of the AFM observations.
The observed electrical activities of these defects including electric field variations and current channeling, are most probably contributing factors in the poor spectroscopic performance of the investigated samples. It should be noted that while this investigation did not focus on the lifetime measurements, the observed defects are very likely to act as trapping centres.
